Abstract The adaptation of Rhodocccus erythropolis SQ1 to energy and carbon starvation was investigated in terms of both the capacity to survive starvation and the contribution of a nutrient-induced stationary phase to cross-protection to other types of environmental stress. It was found that R. erythropolis SQ1 survives for at least 43 days in LB and distilled water, and 65 days in chemically defined medium (CDM) containing high (1%) or low (0.1%) glucose. Furthermore, early stationary-phase R. erythropolis SQ1 grown in CDM 0.1% exhibited enhanced resistance to heat and oxidative stress compared with exponential-phase cells. A second objective of this study was to identify genetic elements involved in starvation/ stationary-phase survival. A mutant bank of R. erythropolis SQ1 generated by random transposon insertion mutagenesis was screened; four mutants lost culturability when grown in CDM 1%. No drop in culturability was observed when these mutants were grown in CDM 0.1%. The DNA flanking transposon insertion could be recovered from three mutants.
Introduction
Members of the genus Rhodococcus have been isolated from a large range of habitats such as soil, rocks, ground water, marine sediments, animal dung, the gut of insects and from infected animals, plants and humans (Goodfellow 1989; Bej et al. 2000; Heald et al. 2001; Kochkina et al. 2001) . Members of the genus Rhodococcus have an outstanding range of enzymes that enables them to transform many chemicals, rendering them extremely attractive for industrial processes, as well as good candidates in environmental biotechnology (for reviews see e.g. Warhurst and Fewson 1994; de Carvalho and da Fonseca 2005) . Many of the applications of Rhodococcus in industry make use of resting cells, i.e. cells that are grown to high concentration, harvested and resuspended in a mineral medium in which the reaction of interest takes place. This method is used for example for biodesulphurisation of fuel (Caro et al. 2007 ), synthesis of cyclopropanol (Overbeeke et al. 2003) , production of enantiopure epoxides (van der Werf et al. 1999a, b) and an anti-HIV drug (Patel et al. 2003) .
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The ability of R. erythropolis to survive adverse environmental conditions, including high concentrations of toxicants (Paje et al. 1997; de Carvalho et al. 2004) , combined with the ability to metabolise a wide range of diverse and unusual compounds, offers a rich resource for the development of biosensors (Emelyanova and Reshetilov 2002) and bioremediation tools for the clean-up of, for example, phenol and substituted phenols (Hidalgo et al. 2002; Prieto et al. 2002a, b; Kitova et al. 2004; Goswami et al. 2005) , and oil and oil products (Bej et al. 2000; Yagafarova et al. 2002; Pizzul et al. 2006) . For bioremediation, it is essential that the organisms used can survive in low-energy environments, particularly soil. It has been shown that polyurethane-immobilised Rhodococcus inoculated in soil could survive for more than 6 months (Briglia et al. 1990 ). In the same study, it was found that pentachlorophenol present in the soil was degraded faster in Rhodococcus-inoculated soil than in Flavobacterium sp.-inoculated and non-inoculated soil. In another study, autochthonous populations of Rhodococcus were found in soil for up to 13 months after a controlled oil spill, even though they could not be detected prior to the oil spill (Peressutti et al. 2003) . This suggests that the population naturally present in soil was growth restricted, but that it retained the ability to grow and degrade hydrocarbons. As well as soil, survival of Rhodococcus species has also been demonstrated in bioremediation of polluted seawater (Shkidchenko et al. 2004 ). Both of these environments are notoriously low in energy sources and have been described as generally oligotrophic (Morita 1993) . It is also clear from numerous environmental studies that rhodococci are resilient organisms, as they have been isolated from a very wide range of environments, from the deep sea (Heald et al. 2001) to the Antarctic soil (Bej et al. 2000) .
Few studies so far have focussed on the starvation/ stationary-phase survival of Rhodococcus per se. Most of the information available to date is circumstantial, such as observations made when cells are grown in defined mineral media to stationary phase for accumulation of a biocatalyst (Prieto et al. 2002b) .
In one of the only studies dedicated to the starvation survival of Rhodococcus, R. corallinus was shown to recover from total carbon or nitrogen starvation for up to 5 months (Sanin 2003) . In another study, a large but transient drop in culturability (5 logs) was observed in R. rhodochrous by allowing the cells to enter late stationary phase in modified Sauton's medium (Shleeva et al. 2002) . At this stage, the cells lost their culturability on solid agar, but could be recovered by culture in liquid medium, suggesting that the cells had entered a temporary state of nonculturability. The genes involved in the accumulation of storage compounds under N starvation were identified, but it is not clear whether storage compounds are necessary for continued growth or starvation survival (Hernandez et al. 2008) .
Rhodococcus species are therefore able to survive without nutrients (or little amounts) for long periods of time and can enter some form of dormant status. However, the entry into stationary phase, which is critical to starvation survival (Kjelleberg et al. 1993 ) and, in particular, the resistance developed to exogenous stresses, has not been investigated. In addition, with the exception perhaps of R. equi, this genus remains relatively unexplored in terms of genetic analyses. Few tools are available for the genetic manipulation of these organisms. More recent developments include the availability of vectors based on plasmids of Corynebacterium and tools for the integration of multiple copies of DNA (Veselý et al. 2003; Sallam et al. 2010) . Complete genome sequences are now available for R. equi 103S (Wellcome Sanger Institute 2006), R. equi ATCC 33707 (NCBI Reference Sequence: NZ_ADNW01000047.1), R. opacus B4 (NC_012522.1), R. erythropolis PR4 and SK121 (NZ_ADNWO10047.1 and NC_012322.1, respectively) and R. jostii RHA1 (McLeod et al. 2006) .
This study consists of two major components. The first objective of this research was to study the physiological adaptation of R. erythropolis SQ1 to energy and carbon starvation, in particular in terms of (1) its capacity to survive starvation and (2) the cross-protection to other environmental insults such as heat and oxidative stress, afforded by the transition to nutrient-induced stationary phase. In addition, the second objective was to generate a mutant bank of R. erythropolis SQ1 and to screen this bank for starvation survival mutants, with subsequent sequence analysis of the mutated genes, in order to identify some of the factors potentially implicated in the starvation survival response of Rhodococcus.
Materials and methods

Bacterial strains and growth media
The bacterial strains used in this study, R. erythropolis SQ1 (Quan and Dabbs 1993) and Escherichia coli DH5a (Invitrogen), were routinely grown overnight in LuriaBertani broth (LB; Atlas 1996) on a rotary shaker (200 rpm) at 27 and 37°C, respectively. For growth curves, stress experiments and mutant selection, R. erythropolis SQ1 was grown in chemically defined medium [(NH 4 ) 2 SO 4 , 7.5 mM; K 2 HPO 4 , 15.8 mM; KH 2 PO 4 , 16.5 mM; 10 ml salts solution; 1 ml trace elements solution; vitamin solution, 1% v/v], adapted from that described by Goodhue et al. (1986) , containing 0.1 or 1% (w/v) glucose (CDM 0.1% and CDM 1%, respectively). The salt solution was prepared as described by Goodhue et al. (1986) and the trace elements and vitamin solutions as described by Atlas (1996) .
For growth on solid media, 13 g l -1 bacteriological agar (Oxoid) was added to the broth. When required, autoclaved media were supplemented with filter-sterilised antibiotics at concentrations of 200 and 100 lg ml -1 kanamycin and ampicillin (Sigma-Aldrich), respectively, for Rhodococcus, and 50 and 100 lg ml -1 kanamycin and ampicillin for E. coli, respectively.
Growth curves and determination of glucose concentration
Optical density at 600 nm (OD 600 ) and viable plate count measurements were used to monitor the viability of Rhodococcus and entry into stationary phase. Cultures used to inoculate the medium were in the exponential growth phase. To ensure this, R. erythropolis SQ1 was grown at 27°C and 200 rpm in the same medium as that used for the growth curve. At an OD 600 0.5-1.0 (midexponential phase), it was inoculated at 1% (v/v) in fresh medium. After overnight growth at 27°C and 200 rpm, this culture was used to inoculate 100 ml medium (in 500 ml conical flasks) at an OD 600 0.01. During incubation, samples were taken periodically to determine the OD 600 and the viable plate count by dilution in quarter strength (Ringer) saline supplemented with 0.05% (v/v) Tween and plating in triplicate on LB agar. Following 2 days of incubation at 27°C, viable plate counts (CFU ml -1 ) were determined. Where specified, glucose concentration in the culture medium was determined during the course of growth. A 1-ml sample of culture was taken and centrifuged at 16,0009g for 1 min. The supernatant was then filter-sterilised (pore size 0.22 lm; Millipore) and frozen at -20°C. Aliquots were thawed, and glucose concentrations were determined using a colorimetric hexokinase-based method (Glucose HK assay kit; Sigma-Aldrich), following the manufacturer's protocol. The standard curves were obtained using CDM 0.1 and 1%.
Multiple stress cross-protection
The ability of R. erythropolis SQ1 to survive heat shock was evaluated using a modification of the protocol described by Jenkins et al. (1988) . R. erythropolis SQ1 was grown as described above. Ten-millilitre samples were taken at mid-exponential (48 h growth, OD 600 0.5) and early stationary phase (6 days of incubation, OD 600 approx. 3.5 and 6.5, in CDM 0.1 and 1% glucose, respectively). Samples were aliquoted (1 ml) in eppendorfs pre-warmed at 57°C and then incubated in a 57°C waterbath. At 0, 5, 10 and 15 min, a sample was removed and maintained at room temperature for 5 min. Viable plate counts (CFU ml -1 ) were determined as described earlier.
To investigate the resistance of R. erythropolis SQ1 to oxidative damage, cells were grown as described earlier; 1-ml samples were taken, and cells were harvested by centrifugation at 16,0009g for 5 min. Cells were washed in quarter strength (Ringer) saline and then used to inoculate 2-ml saline to an OD 600 of 0.01 (*1 9 10 6 CFU ml -1 ). Tert-butyl hydroperoxide (tBHP) was then added to 1 ml of cells at 400 mM final concentration. At regular intervals, viable cell numbers were determined by plating in triplicate on LB agar.
Electroporation and mutant screening Electrocompetent R. erythropolis SQ1 cells were prepared following the protocol of Tanaka et al. (2002) , with incubations at 27°C. The electroporation conditions were as follows: 1-ll transposome EZ-Tn5\KAN-2[Tnp (transposon-transposase complex; Epicentre Biotechnologies) and 0.2-cm electroporation cuvettes at 25 lF, 2.5 kV and 400 X (Gene Pulser II with Pulse Controller Plus; Bio-Rad; Treadway et al. 1999) . Following electroporation, SOC recovery medium (Sambrook et al. 1987 ) was immediately added, and the cell suspension incubated at 27°C, 200 rpm for 2-4 h. The samples were subsequently plated on LB agar plates containing 200 lg kanamycin ml -1 . Each colony was then transferred to individual wells of a microtitre plate containing 100 ll of LB supplemented with 200 lg ml -1 kanamycin. To prevent desiccation, the plates were placed in a plastic container together with a small beaker containing moistened cotton wool. Following overnight incubation at 27°C in a static incubator, fresh microtitre plates containing 150 ll LB ? kanamycin per well were inoculated. The mutant bank was screened for stationary-phase survival mutants following the method described by Uhde et al. (1997) growing the mutants in CDM 0.1 or 1% glucose. The plates were replicated at weekly intervals on LB agar or CDM 1% glucose agar to assess mutant survival.
Genomic DNA isolation
The FastDNA SPIN Kit for Soil (Qbiogene) was used to extract genomic DNA from R. erythropolis SQ1 and mutants thereof. Modifications made to the manufacturer's protocol were as follows. Two to four ml of LB broth cultures (OD 600 * 1.0) were centrifuged at 12,0009g for 10 min. The pellets were resuspended in 978 ll sodium phosphate buffer (SPB) and 122 ll MT buffer (provided in the kit) and subsequently transferred to a lysing matrix E tube. The procedure was continued as described in the manufacturer's handbook.
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Approximately 2 lg of genomic DNA was digested with a panel of restriction enzymes, as per the manufacturer's instructions (Roche Applied Science). The efficiency of restriction was verified by agarose gel electrophoresis. DNA was purified by phenol/chloroform extraction (Sambrook et al. 1987 ) and isopropanol precipitation. Following resuspension in 17 ll dH 2 O, ligations were performed using T4 DNA ligase (Roche Applied Science). Samples were then dialysed against dH 2 O on a 0.025 lm MF-Millipore membrane for 1 h at room temperature prior to iPCR. A PCR mixture consisted of 25 ll BioMix (Bioline), 1 ll of primers KAN-2 FP-1 and KAN-2 RP-1 (100 pmol ll -1 ; Epicentre Biotechnologies) and 1 ll religated DNA; final volume was 50 ll. The amplification cycle, run in a Px2 thermal cycler (Thermo Scientific), consisted of 5 min at 96°C, followed by 30 cycles of 30 s at 95°C, 1 min at 56°C and 1 min at 72°C, and a final elongation of 5 min at 72°C. The PCR products were then cloned using the TOPO TA cloning kit according to the manufacturer's instructions (Invitrogen).
Sequencing and bioinformatics
Plasmid DNA was recovered from bacterial cultures using the Wizard SV Miniprep kit as described by Promega. DNA sequencing was performed by MWG Biotech (London) using primers M13 uni (-21) and M13 rev (-29).
All sequence manipulations (i.e. cutting and pasting, generation of complement sequence, identification of restriction and primer binding sites) were performed using the program Vector NTI from Invitrogen. The sequence was then analysed using various tools of the Vector NTI package, such as AlignX, ORF Finder and the Translation tool. Alignments were performed with CLC Main Workbench (CLC Bio). Homology searches were performed using the non-redundant database at NCBI (Altschul et al. 1997; Schaffer et al. 2001) .
Results
Growth of R. erythropolis SQ1 in non-limiting and nutrient-limiting medium
The growth profile of R. erythropolis SQ1 in non-limiting and in limiting environments was examined. To this effect, growth was compared in LB (complex medium), distilled water (dH 2 O; representing multiple nutrient limitation) and CDM (chemically defined medium) containing 1 and 0.1% glucose (Fig. 1) . R. erythropolis SQ1 was shown to survive long-term culture in LB and long-term starvation in dH 2 O. Viable plate counts of up to 4 9 10 9 CFU ml -1 were observed in LB after 2 days. This figure then decreased to approximately 5 9 10 7 CFU ml -1 after 43 days in stationary phase. In contrast, the cultures in dH 2 O did not exhibit any decrease in viability over the 43-day period. There was a slight increase in cell numbers from 5 9 10 6 to 2 9 10 7 CFU ml -1 within the first 10 days, presumably due to the metabolism of stored material. The cell numbers then remained stable. In CDM 1 and 0.1% glucose, the cell count stabilised around 10 9 CFU ml -1 . Colorimetric measurement of glucose in CDM showed that glucose was exhausted by 7 and 13 days growth in CDM 0.1 and 1% glucose, respectively ( Supplementary Fig. S1 ).
The above-mentioned experiment was conducted under aerobic conditions using shaking incubation. No significant decrease in survivability was observed; the effect of static incubation on R. erythropolis SQ1 growth was therefore investigated. It was found that the viability of cells grown in CDM 1% glucose decreased steadily, whereas that of those grown in CDM 0.1% glucose remained stable when cultures were transferred to static incubation at day 9, just before entry into stationary phase of growth (Fig. 2) . Interestingly, no drop in survivability was observed when the cultures were transferred to static incubation during the exponential growth phase (24 h) or kept in the agitator (Supplementary Fig. S2; Fanget 2008 ). These results indicate that loss of culturability is linked to the amount of energy/carbon source available to the culture, the degree of aeration/agitation of the culture and the growth phase of the culture. Specifically, static incubation seems to be a stress to the culture that either kills the cells or induces their dormancy. Growth in low-energy medium seems to render the cells immune to that stress. Glucose starvation-induced multiple stress resistance Several bacterial genera have been shown to develop multiple stress resistance under energy-restricted conditions. In order to investigate whether the same phenomenon occurs in R. erythropolis SQ1, cells grown in CDM 0.1% glucose were harvested at 2-day (exponential phase) and 6-day incubations (late exponential phase). The resistance to heat shock (57°C) and oxidative damage (400 mM tBHP) of these cells was then compared. The results obtained (Fig. 3) clearly indicate that stationary-phase cells are more resistant to heat shock and oxidative stress than exponential-phase cells, and this was consistently observed for independently repeated experiments. In the case of heat shock, 40-50% of the population survives heat shock in contrast to complete loss of viability of exponential-phase cultures after 5-min heat treatment. Similarly, 40% of stationary-phase cells survive 10 min of oxidative stress compared to 7% of exponential-phase cells. After 15 min of exposure to oxidative stress, no exponential-phase cells survived, in contrast to 20% survival for the stationaryphase culture.
Isolation of carbon starvation survival mutants
Using the random transposon insertion mutagenesis method, a mutant bank of R. erythropolis SQ1 was generated, which was then screened for carbon starvation survival mutants. A mutant bank of 898 mutants was obtained using the EZ-Tn5\KAN-2[Tnp transposome of Epicentre. This corresponded to a transformation efficiency of 4.5 9 10 4 mutants lg -1 of transposome DNA. The mutants were maintained in the exponential growthphase and transferred to CDM 0.1 and 1% glucose for screening for carbon starvation survival deficiency following the method of Uhde et al. (1997) . In this preliminary screening, a total of ten mutants were selected for further study based on failure to grow on CDM 0.1% glucose agar after 8, 14 and 22 days of growth in CDM 0.1 and 1% glucose liquid culture in 96-well plates. Growth curve analysis in 500-ml flasks containing CDM 0.1 and 1% glucose of the ten mutants identified four mutants that exhibited deficiency in survival of stationary phase, showing a striking drop in culturability in CDM 1% glucose when compared with CDM 0.1% glucose (Fig. 4) .
In order to identify the gene or genetic context of the transposon insertion point, attempts were made to recover the DNA flanking the transposon insertion site by inverse PCR (iPCR). Sequence information was successfully obtained for nine mutants out of the ten, and each of these will now be described in turn. The mutants and the associated homologies are summarised in Table 1 . It was found that the area of the genome disrupted in mutant 4G6 (GenBank accession no. AM941039) codes for a protein that is highly similar (73% amino acid identity) to the 350 C-terminal amino acids of UvrB (excinuclease ABC subunit B; see Fig. S3 in supplementary material) . UvrB is typically a protein of 673-721 amino acids (e.g. 673 and 698 amino acids for Mycobacterium tuberculosis and E. coli, respectively; Arikan et al. 1986; Darwin 2003) .
In mutant 10D3, the transposon is inserted between two putative inosine 5 0 -monophosphate dehydrogenase (IMP) genes (GenBank accession no. AM941040). The putative proteins encoded by these genes are highly similar ([77% aa identity, see Figs. S4 and S5 in supplementary material) to IMPs from M. tuberculosis H37Rv, and participate in the biosynthetic pathway for guanine. To assess the nutritional requirements of mutant 10D3, it was grown in LB overnight; cells were then harvested by centrifugation, washed twice in Ringer and inoculated in fresh CDM 1% supplemented or not with 100 lg ml -1 guanine. Washed mutant 10D3 was found to grow as the wild type in both guaninesupplemented and guanine-free medium, thus suggesting that it is not auxotrophic for guanine. The sequence obtained from R. erythropolis SQ1 was compared with those of R. erythropolis PR4 and SK121, for which full genome sequences are available (DOGAN 2010; JCVI 2010) . R. erythropolis PR4 and R. erythropolis SK121 do not seem to carry a gua operon, with the guaA and guaB genes encoding the IMP dehydrogenases located far apart on the chromosome (DOGAN 2010; JCVI 2010) . It is possible that R. erythropolis SQ1, PR4 and SK121 share the same gene arrangement. Additionally, it should be noted that based on information available from KEGG, the step catalysed by the GuaA/GuaB IMP dehydrogenases can also easily be circumvented via the synthesis of hypoxanthine in the purine metabolism pathway (Kanehisa et al. 2006) .
For mutant 1H1, the sequence flanking just one side of the transposon insertion site could be retrieved and comprises two open reading frames (GenBank accession no. AM941041; Supplementary Fig. S6 ). The first encodes a hypothetical protein highly similar to that of several actinomycetes, including R. erythropolis PR4 and SK121 (98% aa identity), Nocardia farcinica IFM 10152 (82% identity), M. ulcerans Agy99 (69% identity) and M. tuberculosis H37Rv (67% identity; see Supplementary Fig. S7 ), and was identified as a phosphoglycerate mutase in Saccharopolyspora erythraea, M. tuberculosis CDC1551 and Streptomyces avermitilis. The second ORF encodes a putative thioredoxin similar to several putative thioredoxins/redoxins in R. erythropolis PR4 and SK121 (E-score = 2.53 9 10 -33 ), N. farcinica IFM 10152 (1.22 9 10 -19 ) and several Mycobacterium species (minimum 2.72 9 10 -22 , M. gilvum PYR-GCK), as well as a putative cytochrome c biogenesis protein in N. farcinica IFM 10152 (E-score = 4.75 9 10 -22 ). It should be noted that these scores are based only on the first 91 N-terminal amino acids of the putative thioredoxin, because the 3 0 flanking region of the transposon could not be recovered (Supplementary Fig. S6 ). All the highly ranking proteins identified by BLAST are approximately 200 amino acids long; thus, it seems that the transposon inserted in the middle of a gene encoding for a putative thioredoxin in mutant 1H1. Interestingly, the most similar protein is ResA (cytochrome c biogenesis protein) from R. erythropolis PR4 and SK121, which is preceded by a conserved hypothetical protein that is the most similar hit for the hypothetical protein from SQ1. On the strength of this similarity, it is possible that R. erythropolis SQ1 has the same genetic organisation as PR4 and SK121, in which case the putative thioredoxin gene could be followed by ccdA and resB (in PR4) or resB and ccsB (in SK121), all of which encode cytochrome c biogenesis proteins.
The sequences obtained from mutants 1B3, 3B10, 4G11 and 10E4 were highly similar, and an alignment showed that either they are clones or that multiple mutants have been isolated in which the transposon insertion took place at the same site. The alignment was used to produce a consensus sequence (GenBank accession no. AM941042). The ORF disrupted by transposon insertion encodes a putative protein highly similar to HisA sequences from N. farcinica IFM 10152 (78.1% identity), and with HisA/ TrpF sequences from R. erythropolis PR4 and SK121 (99% aa identity), M. vanbaalenii PYR-1 (70%) and Mycobacterium sp. MCS (70.4%). HisA is involved in histidine synthesis and HisA/TrpF in both histidine and tryptophan synthesis. Both are part of the histidine operon in their respective organisms.
Analysis of the sequence recovered from mutant 3B4 (GenBank accession no. AM941043) identified HisB, a putative imidazole-glycerol-phosphate dehydratase, as the sequence disrupted by the transposon. The translated putative protein is similar (65.1% aa identity) to the HisB of Corynebacterineae, part of the histidine operon and located upstream of hisA. The nutritional requirements of the hisA and hisB mutants were investigated as for mutant 10D3, described earlier, but with supplements of 100 lg ml -1 histidine and tryptophan, singly and in combination. Both hisA and hisB mutants were found to be auxotrophic for histidine, but not for tryptophan, which is also a product of the histidine anabolic pathway.
The nucleotide sequence obtained from mutant 6E6 (GenBank accession no. AM941044) showed that the transposon had inserted in an ORF coding for a putative protein similar to a D-3-phosphoglycerate dehydrogenase (PGDH or SerA, encoded by serA genes) of several mycobacteria (scores [ 300 and E-values \ 2910 -80 ). SerA catalyses the conversion of D-3-phosphoglycerate to 3-phospho-hydroxypyruvic acid (or hydroxypyruvic acid phosphate) and vice versa. It is one of the first steps in the biosynthesis of serine from glycerate (Ichihara and Greenberg 1957; Walsh and Sallach 1966) and is essential for the growth of M. tuberculosis (Sassetti et al. 2003) . Since the serine biosynthesis pathway also leads to production of glycine and threonine, a short supplementation study was therefore performed on mutant 6E6 in which it was found that both serine and glycine (100 lg ml -1 ) restored the ability of the mutant to grow in chemically Arch Microbiol (2011) 193:1-13 7 defined medium, but threonine (100 lg ml -1 ) completely inhibited growth. This latter observation was not completely unexpected, considering the toxic effects of threonine on other organisms (Eccleston and Kelly 1973; Lamb and Bott 1979) .
Further growth curves were performed for mutants 4G6, 10D3, 1B2 and 1H1. Mutant 4G6 grown in CDM 1% glucose (Fig. 4a) reached a maximum cell density of 6.7 9 10 9 CFU ml -1 at 3 days, with a subsequent steady decrease in culturability until day 27, when cell counts of 7.6 9 10 5 CFU ml -1 were obtained (0.01% survival compared with maximum). Mutant 10D3 grown in CDM 1% glucose (Fig. 4b) reached a maximum of 5.5 9 10 9 CFU ml -1 at 12 days, showing that it probably grows slower than wild type (maximum of 6.3 9 10 9 CFU ml -1 at 4 days). The viable cell density then decreased to 5.1 9 10 6 CFU ml -1 (0.1% of maximum) at 27 days. In contrast, only a modest decrease in culturability could be observed for mutants 1B2 and 1H1 in comparison with the wild-type R. erythropolis SQ1 when grown in CDM 1% glucose (Fig. 4c, d ). For mutant 1B2, culturability dropped to approximately 1 9 10 8 CFU ml -1 at 20 days (2.5% of maximum at 12 days) then remained constant for 7 days. For mutant 1H1, culturability remained similar to wild type until 27 days, when it dropped to 1 9 10 8 CFU ml -1 (3% of maximum at 12 days). No significant decrease in culturability compared with wild type was observed when the mutants 4G6, 10D3, 1H1 and 1B2 were grown in CDM 0.1% glucose in 500-ml glass flasks.
Discussion
It is generally accepted that the environment is oligotrophic (Morita 1993) , sea water and certain types of soil are especially so (Kjelleberg et al. 1993; Di Mattia et al. 2002) . Although the starvation or non-growth state is probably the most common physiological state of bacteria (Morita 1993) , it has been studied in relatively few organisms. In spite of its importance in pathogenesis, bioremediation and several industrial processes, limited research has been performed on members of the genus Rhodococcus under starvation conditions. In this study, it was shown that, similar to Vibrio, S. aureus and M. tuberculosis (Nyka 1974; Jenkins et al. 1988; Watson et al. 1998b; Nyström 1999) , R. erythropolis SQ1 can survive carbon starvation or nutrient-induced stationary phase for a prolonged period of time, at least 56 days in CDM 0.1 or 1% glucose. The observations reported here are true for R. erythropolis grown with glucose as the sole carbon and energy source.
Studies examining the effects of carbon starvation on survival and cross-protection have been performed in vitro in a limited number of bacterial species, including E. coli (Jenkins et al. 1988) , Vibrio (Nyström et al. 1992) , Pseudomonas putida (Givskov et al. 1994) , Salmonella typhimurium (Seymour et al. 1996) , Enterococcus faecalis (Giard et al. 1997) , Mycobacterium smegmatis (Smeulders et al. 1999) and Listeria monocytogenes (Ferreira et al. 2001) . These studies have shown that bacteria starved for carbon developed cross-protection against a range of stress factors, in particular heat shock and oxidative stress. Carbon starvation-induced stationary cells present significantly higher resistance to heat shock compared with exponentially growing R. erythropolis SQ1: after 5-min exposure to 57°C, no exponential-phase cells survived, whereas nearly 40% of early stationary-phase cells did. The resistance afforded by carbon starvation to oxidative stress was less dramatic, with almost 50% of exponential-phase cells surviving 5 min in the presence of 400 mM tBHP, compared with 63% of early stationary-phase cells. These results are broadly similar to those obtained in other organisms, e.g. Staphylococcus aureus and Escherichia coli (Jenkins et al. 1988; Watson et al. 1998b ). Stationaryphase entry/starvation has been shown to trigger, among other things, a change in cell surface characteristics (Kjelleberg 1993) . In particular, an increase in cell surface hydrophobicity in Rhodococcus has been described (Sanin 2003; Stratton et al. 1993) .
In order to identify potential factors involved in starvation survival, a random mutagenesis approach was used to create a bank of mutants of our chosen strain to screen against starvation survival. The EZ-Tn5\KAN-2[Tnp transposon mutagenesis system was chosen because in all organisms studied so far, only single insertions have been observed, a marker gene/reporter protein can be inserted to ease screening and the flanking DNA can be recovered. Transposon insertion mutants were selected for further study based on the extent and presence of growth in stationary phase. A total of 898 mutants were produced, corresponding to a transformation efficiency of 4.5 9 10 4 mutants lg -1 transposome DNA. This compares favourably with the efficiencies reported in the literature for R. equi and R. rhodochrous (Fernandes et al. 2001; Mangan and Meijer 2001) .
Starvation/stationary-phase mutants were selected on the basis of non-recovery of growth on LB agar after incubation in chemically defined medium containing 1 or 0.1% glucose (w/v). Ten mutants, exhibiting weak or no growth on LB agar in at least one stage of growth in chemically defined medium, were selected for further study. Sequence data were obtained for nine mutants. Sequence analysis of several of the mutants revealed transposon insertion in biosynthetic genes that rendered them auxotrophic for histidine (insertions in hisA or hisB in the case of mutants 1B3, 3B10, 4G11, 10E4 and 3B4). Addition of histidine in the growth medium restored wild-type growth in the mutants, thereby confirming the function of the genes disrupted. It is not clear whether mutants 1B3, 3B10, 4G11 and 10E4, which have the same insertion in the hisA gene, are the result of separate identical transposon insertion events or clones of each other. Since the insertion was in the same locus for all four mutants, the clone explanation is probably the most likely. These auxotrophic mutants probably featured in the screening experiment because of carry-over of organic material from the master plate during replica plating. Since the volumes of medium used were small (200 ll), even very small amounts of carry-over would enable growth.
The his operon is ancient and conserved in many species, including actinobacteria (Price et al. 2006) . With the availability of genome sequence information for Rhodococcus jostii RHA1, R. erythropolis PR4 and R. erythropolis SK121, it is interesting to compare with the genetic organisation in R. erythropolis SQ1. The histidine mutants had inserts in genes that, in other organisms, are part of an operon. Interestingly, it seems that R. jostii RHA1, R. erythropolis PR4 and R. erythropolis SK121 contain genes of unknown or unrelated functions in the his operon. More sequence data would be necessary to determine whether these hisA and hisB genes are also in an operon in R. erythropolis SQ1. Various studies on the regulation of the his operon have revealed that, as expected, the histidine synthesis genes were repressed under stationary-phase/ starvation conditions in E. coli (hisF; Franchini and Egli 2006) and M. tuberculosis (hisA and hisI2; Betts et al. 2002) , and the entire his operon (hisZGDBHAF) was downregulated in B. subtilis in norvaline-induced stationary phase (Eymann et al. 2002) .
Another mutant, auxotroph for serine/glycine (6E6), resulted from transposon insertion in a serA gene homologue. In a microarray experiment monitoring gene expression of E. coli grown in glucose-limited continuous culture, it was found that the gene serA was down-regulated at both 40-and 500-h incubation (Franchini and Egli 2006) . The growth of mutant 6E6 could be restored by addition of either serine or glycine, singly or together, but was completely inhibited by threonine. Analysis of R. erythropolis PR4 (NITE) revealed a putative aspartokinase, another enzyme of the serine/glycine pathway. This enzyme has been shown to be inhibited by threonine in Methylococcus capsulatus (Eccleston and Kelly 1973) , thereby disrupting the synthesis of aspartic acid and aspartate-based amino acids (lysine, methionine, threonine and isoleucine). It is possible that R. erythropolis SQ1 contains a similar enzyme.
One of the mutants that could not survive stationary phase was 4G6, with a transposon insertion in the gene uvrB. The culturability of mutant 4G6 dropped to 0.01% of the maximum CFU ml -1 at 27-days incubation (stationary phase), when grown in 1% glucose medium. UvrB, the excinuclease ABC subunit B, is an essential part of the DNA excision repair mechanism. It is known that, as cells stop growing, they accumulate mutations in the DNA (Bridges 1998; Kivisaar 2003) . Although it might be expected that uvrB mutants would have difficulty in surviving stationary phase, the role of uvrB in stationary-phase survival is unclear. Indeed, few studies have focused specifically on the impact of uvrB on stationary-phase survival. A recent study of uvrB mutants in P. pudita revealed a reduction in the frequency of stationary-phase mutations (Tark et al. 2008 ). Furthermore, a M. tuberculosis uvrB mutant was found to be extremely sensitive to nitric oxide, and UvrB was essential for resistance to reactive oxygen and reactive nitrogen intermediates (Darwin and Nathan 2005) . The stationary-phase survival of the M. tuberculosis mutant however was not investigated. Interestingly, loss of viability was observed in the uvrB R. erythropolis SQ1 mutant grown in CDM 1% glucose, but not in CDM 0.1% glucose. Two explanations can be advanced for this discrepancy. Firstly, the high cell concentration obtained in CDM 1% glucose might mean that high levels of oxidants and waste compounds have accumulated in the growth medium. As cells die and lyse, even more of these compounds would be released, hence increasing their concentration still further. Secondly, it is possible that growth in 0.1% glucose induced alternative gene expression such as alternative sigma proteins (Hu and Coates 1999) , and the expression of alternative DNA repair mechanisms, or of DNA-protecting proteins such as Dps, as has been shown in Mycobacterium smegmatis (Gupta et al. 2002) . Mutant 10D3 was found to have the same growth profile as the UvrB mutant, although the transposon insertion does not seem to have disrupted a gene. The culturability of mutant 10D3 dropped to 0.1% of the maximum CFU ml -1 at 27-day incubation (stationary phase), when grown in 1% glucose medium. The transposon is inserted immediately downstream of a putative guaB gene. Similar guaB genes are present in other organisms, but are not part of an operon, and are usually followed by another IMP dehydrogenase (guaB-like) and/or a cholesterol oxidase. The functions of these genes are unclear however, so the function disturbed in R. erythropolis SQ1 mutant 10D3 is unknown. The transposon inserted downstream of the guaB gene, a gene essential to the growth of the organism (Gil et al. 2004) . It is possible that the KAN2 gene came under regulation of the guaB promoter, resulting in overproduction of the kanamycin resistance protein. Over-expression of foreign proteins has been shown to inhibit bacterial growth and induce an incomplete starvation survival response (Kurland and Dong 1996) . However, this seems unlikely, since it has been observed that guaB and guaA were repressed in continuous-culture E. coli (Franchini and Arch Microbiol (2011) 193:1-13 9 Egli 2006), and guaB was repressed in stationary-phase Bacillus subtilis (Eymann et al. 2002) . Alternatively, the insertion could have affected the expression of the sequence downstream of the transposon insertion. There are putative genes for an IMP dehydrogenase and a cholesterol oxidase downstream of guaB in R. erythropolis SK121 and R. jostii RHA1, whereas R. erythropolis PR4 possesses two guaB genes. Both seem to be organised in operons, but the functions of the other proteins are unknown. Interestingly, as for the uvrB mutant, the loss of culturability was observed only in CDM 1%, but not in 0.1% glucose. Mutant 1H1 was found to lose viability when grown in CDM 1%; a drop in culturability to 2.5% of the maximum CFU ml -1 at 27-day incubation. Interestingly, although the flanking sequence from mutant 1H1 could be amplified by iPCR using standard Taq polymerase and cloned, and subsequently amplified from the clone, it was not possible to obtain sequence data for one flanking sequence, despite several attempts. The transposon is inserted in an ORF with significant homology to putative thioredoxins and cytochrome c biogenesis proteins of R. erythropolis PR4 and SK121, R. jostii RHA1 and Nocardia. Unfortunately, sequence information was not obtained for the sequence downstream of the transposon insertion site; although in R. erythropolis PR4 and SK121 cytochrome c biogenesis genes have been identified (ccdA and resB in PR4 and resB and ccsB in SK121). Another ORF was identified immediately upstream of the putative thioredoxin gene and in the same orientation, encoding a putative phosphoglycerate mutase. The mutase identified is probably a fructose-2,6-bisphosphatase involved in five-carbon sugar metabolism. It should be noted that in other actinobacteria such as Saccharopolyspora erythraea, M. ulcerans and M. tuberculosis, it was found that the phosphoglycerate mutase gene is situated upstream of a putative thioredoxin protein/ cytochrome c biogenesis protein gene, in the same orientation. It is therefore possible that polar effects of transposon insertion could disturb the expression of these two genes. Interestingly, the phosphoglycerate mutase genes pgm and yibO were found to be increasingly expressed in norvaline-induced stationary phase in B. subtilis (Eymann et al. 2002) and in 500 h 0.01% glucose continuous-culture E. coli (Franchini and Egli 2006) . Indeed, several thioredoxin-related genes have been found to be induced by stationary phase; they are shown in Supplementary Table  S1 . Thioredoxins are involved in many processes in bacteria, in particular DNA synthesis, protein repair, sulphur assimilation, cell division, energy transduction, transcriptional regulation and oxidative stress response (for a review, see Zeller and Klug 2006) . During oxidative stress response, thioredoxins reduce disulphide bonds and scavenge reactive oxygen species. Interestingly, DsbE (a disulphide oxidoreductase) is involved in the maturation of cytochrome c in E. coli and M. tuberculosis (Fabianek et al. 1998; Goulding 2003) . Cytochrome c itself also seems to be involved in maintaining peroxidase and catalase activity in the periplasm (Goodhew et al. 1990) .
In all the mutants for which sequence information could be obtained, the transposon insertion was accompanied by the duplication of a short stretch of the target sequence. For all the mutants (with one exception), a textbook 9-bp repeated sequence, typical of Tn5 insertion sites (Goryshin et al. 1998) , was observed. Only mutant 6E6 contained a 10-bp repeat, which could be explained by slippage of the transposase-DNA complex during insertion. Interestingly, 10 bp is the kind of duplication seen at the insertion site of IS1166, as observed in R. erythropolis AJ270 and AJ300 (O'Mahony et al. 2005) . Also, in mutant 4G6 (UvrB mutant) an imperfect duplication was observed, in that only 7 out of 9 bp were identical. It is however plausible that this is a PCR artefact, rather than something directly resulting from the insertion mechanism. Interestingly, symmetry of the duplicated sequence was observed in a comprehensive study of Tn5 insertion in Streptomyces coelicolor, e.g. GCCCNGGGC (Herron et al. 2004) , but no such symmetry was found in R. rhodochrous and R. equi Tn5 insertion sites, or in R. erythropolis SQ1 (Fanget 2008; Fernandes et al. 2001; Mangan and Meijer 2001) . This symmetry therefore seems to be limited currently to Streptomyces coelicolor.
In conclusion, R. erythropolis SQ1 was shown to present a classic starvation/stationary-phase survival response, with the associated increase in resistance to various external stresses. This work also illustrates the robustness of R. erythropolis to many environmental stresses. Response to acidic environment was not investigated due to the inability to kill R. erythropolis cells by exposure to pH 2 for 24 h. The high resistances observed to environmental variations highlight the potential of R. erythropolis for in situ bioremediation. The modified chemically defined medium described in this work could also be applied to studies investigating other growth-limiting nutrients or elements, such as nitrogen and phosphorous, or trace metals and vitamins. It would be also interesting in the future to compare behaviours using alternative carbon and/ or energy sources. Furthermore, it would be of interest to study the physiological status of immobilised cells, as these have been proposed for use in several industrial processes (Naito et al. 2001; Prieto et al. 2002a, b; Kitova et al. 2002; Kitova et al. 2004; Pirog et al. 2005) .
The second objective of this study was to generate and screen a bank of mutants of our chosen strain for starvation survival mutants and, through sequence analysis of the mutated gene, identify some of the factors potentially implicated in the starvation survival response of R. erythropolis SQ1. The mutant bank will be available for future screening of further phenotypes. The mutants identified as being deficient in stationary-phase/starvation survival had a transposon insertion in gene uvrB (nucleotide excision repair) and a putative thioredoxin (cytochrome c biogenesis). For one of the mutants (mutant 10D3), the transposon insertion was not within a gene but upstream of IMDH (IMP dehydrogenase) and downstream of guaB (guanine synthesis).
Similar genes have been identified in stationary-phase/ starvation survival-deficient mutants of other organisms. These include genes involved in amino acid metabolism, such as hprT (hypoxanthine-guanine phosphoribosyl transferase) in S. aureus (Watson et al. 1998a) , lysE (exporter of lysine and arginine) in M. smegmatis (Smeulders et al. 2004 ) and ilvE (branched chain amino acid aminotransferase) in Sinorhizobium meliloti (Uhde et al. 1997) . Others are cytochrome associated, e.g. cydC (cytochrome d oxidase) in E. coli (Siegele et al. 1996) , cox (cytochrome c oxidase) in Sinorhizobium meliloti (Uhde et al. 1997) and ctaA (haem A synthase, involved in synthesis of cytochromes aa 3 and caa 3 ) in S. aureus (Watson et al. 1998a; Clements et al. 1999) . More work will be required in order to understand the function of these genes in stationary-phase/starvation survival in Rhodococcus and also to identify additional implicated genes.
Few complete genome sequences of rhodococci are available to date. However, it should be noted that the availability of the R. erythropolis PR4, R. erythropolis SK121 and R. jostii RHA1 genome sequences (DOGAN 2010; JCVI 2010; McLeod et al. 2006) have been invaluable to the interpretation of the short stretches of DNA sequence retrieved from mutants analysed during the course of this study. Actinobacteria have been highlighted in a recent paper as one of the bacterial phyla least represented in the genomic databases (Wu et al. 2009 ). This study represents a preliminary analysis of the genes involved in sta tionary-phase/starvation survival in R. erythropolis. The availability of more efficient mutagenesis tools in the future should facilitate the generation of the number of mutants required for a complete screening of the genome, and the recently sequenced genomes will help in designing targeted mutagenesis approaches and microarrays.
